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Microbial mineralization of phosphorus (P) from complex
soil forms is thought to be an important process in the P
nutrition of plants.Furthermore, the microbial biomass
itself has been implicated as a potential source of P that
can become available to plants either upon biomass death and
subsequent mineralization, or through predation, digestion,
and excretion by soil fauna.
A study was conducted to determine the quantity of P
held in the microbial biomass in five western Oregon soils.
The soils were located in pastureland, forests, and
transition zones between the two.Microbial biomass was
determined on soil samples incubated in the laboratory at
75% (wt/wt) of water holding capacity at 15°C for ten days.
The method was also tested on soils immediately after their
recovery from the field.
To evaluate the P concentration in the biomass, soilmicrobial biomass carbon (C) was determined by the
chloroform fumigation-incubation method (CFIM) on soils
preincubated as described for P determinations.Kinetic
profiles of CO2 evolution were followed in each soil to
determine the appropriate control to use for estimating the
contribution of nonbiomass C to CO2 evolved.
Biomass P values were determined by measuring the
difference between sodium bicarbonate (NaHCO3) extractable P
(organic plus inorganic) of fumigated and unfumigated soil
samples. Inefficiency of P recovery from the soil samples
was accounted for by using a recovery factor (kp) determined
for each soil.Biomass P values ranged between 19.1 and
37.6 mg P/kg soil and were within the range of values that
have been reported in the literature.Simple linear
regression showed a significant relationship (r2=0.78,
p=0.05) between biomass P and the Olsen test for extractable
inorganic P.Despite the apparent success of the biomass P
method on soils equilibrated in the laboratory, problems
were encountered on some of the field samples.In some
cases equivalent levels of P were extracted in both
fumigated and unfumigated soil samples, andon one sampling
date which followed a 1.3 cm rain event, the differences
between fumigated and unfumigated samples were too great to
be attributable to biomass P.
The kinetics of CO2 evolution from fumigated and
unfumigated samples of the five soils illustrated the full
spectrum of problems that other researchers have encounteredin accounting for the contribution of nonbiomass C to the
CO2 evolved.As a result, biomass C was calculated by four
methods that differ in the way the contribution of
nonbioMass C to CO2 released is determined.Values of
biomass C ranged from 433 to 734 mg C/kg soil (most
conservative method of calculation)and from 961 to 1102 mg
C/kg soil (most liberal method of calculation).Using these
biomass estimates, the percentage of P in the microbial
biomass of the five soils ranged between either 2.4 and 3.7%
or 0.9 to 1.9%. These P concentration values span the range
reported in the literature for both soil biomass and
laboratory-grown cultures.Measurement of Microbial Biomass
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INTRODUCTION
Phosphorus (P) is an essential element for living
organisms, having an important role in many metabolic
processes (Westheimer 1987).The nucleic acids, DNA and
RNA, as well as many coenzymes are esters of phosphoric or
pyrophosphoric acids.Phosphate esters are the principle
forms of biochemical energy in organisms, and are essential
intermediates in biochemical syntheses and degradations.
Unlike the carbon and nitrogen cycles, in which
biological oxidations and reductions flux the elements from
and to the atmosphere via the soil, soil P is derived almost
solely from parent materials, and is cycled between organic
and inorganic forms of the same oxidation state. (Walker and
Adams 1958,1959, Walker 1964).Although ecosystems may
receive inputs of P via surface erosion of soil materials
(Smeck and Runge 1971, Smeck 1973, Sharpley 1980), theseare
relatively small and usually confined to local influence
(i.e.within drainages).Because of its important
biological functions and these limited inputs, the P content
of parent material may be the limiting factor for the
accumulation of carbon, nitrogen and sulfur in soil organic
matter and thereby control the productivity in many
ecosystems (Walker and Syers 1976).
The P content of soils varies considerably, depending2
on the nature of the parent material and the degree of
weathering.Most values for P content of surface soils of
the United States fall within the range of 200 to 900 mg/kg
soil.Some of the highest concentrations are found in the
Pacific Northwest, ranging from 1000 to 1300 mg P/kg soil
(Stevenson 1986).Soil P exists in a variety of inorganic
and organic forms.The inorganic P (Pi) exists mainly as
insoluble or poorly soluble minerals such as apatite and in
complexes with iron and aluminum oxides, and much of the
organic P (Po)is insoluble and may be bound in organic-
mineral complexes.
Because of its strong interaction with soil minerals
and organic matter,'the amount of total soil P does not
necessarily reflect the amount of P in plant-available
forms. Only a small fraction (about 1.5 uM, 0.045 ug/ml)
of the total P is found as orthophosphate in the soil
solution (Tate 1984).Greater than 90% of the P in soils is
present as insoluble or chemically sorbed forms and in humus
(Stevenson 1986).Due to the heterogeneity of soil
materials, and the complexity of the association between the
organic and inorganic P constituents, the role of this large
fraction in plant nutrition has been difficult to assess.
However, since plant roots require that P be in the solution
phase (Barber 1962), the ability of a soil to supply plant
available P will depend on factors affecting its release
from those forms not readily available to plants.3
Chemical fractionation of soil P.
The identification of individual P compounds in soils
has met with limited success.To, date only about 50 to 70%
of the P, in soil has been chemically identified (Stewart
and McKercher 1982). Furthermore, the difficulty in
separating and quantifying organic and inorganic components
of soil P has been noted (Anderson 1975, Dalal 1977).As a
compromise, researchers have developed extraction procedures
to chemically fractionate P and made attempts to relate
these fractions to bioavailable P pools (Bowman and Cole
1978b, Hedley and Stewart 1982).The most biologically
available or labile Pi is removable from soil by anion
exchange resin extraction (Bowman et al. 1978a) and is
thought to represent exchangeable P.Bowman and Cole
(1978b) found that extraction of soil with 0.5M NaHCO3
removed labile Pt and Pi, plus a small amount of P released
from the microbial biomass.Hedley and Stewart (1982) found
that the amount of P held in the microbial biomass could be
estimated by treating soil with CHC13 prior to extraction
with NaHCO3.Subsequent extraction with 0.1M NaOH was found
to release Pi associated with iron and aluminum and a
significant portion of labile P, (Ryden et al. 1977,
McLaughlin et al. 1977).Treatment with 1M HC1 extracts a
fraction of Pi thought to be associated with apatite-like
minerals (Williams et al. 1971).Following the sequential
extraction steps, residual P is determined by oxidation and
strong-acid digestion of the soil remains (Hedley and4
Stewart 1982).This fraction is thought to consist of
chemically stable P, forms and insoluble Pi, and may
comprise up to 90% of total soil P (Stevenson 1986).
The use of chemical P fractionation techniques in P
cycling studies.
The chemical fractionation of soil P has been emplOyed
in studies which have elucidated components of the P cycle
in soils.Hedley and Stewart (1982) used a sequential
extraction procedure to demonstrate changes in the
distribution of soil P as influenced by theuse of various
tillage practices.Sixty five years of cultivation of soil
(wheat-wheat-fallow rotation, Udic Haploboroll) resulted in
a 29% decrease in the total P content when compared to an
adjacent permanent pasture.Of the total P lost, 52% was
from the residual P fraction and 22% was from the
extractable P, (primarily that extractable in 0.1M NaOH).
The remaining 26% of the reduction in total Pwas lost from
the labile Pi fractions.The loss of total P was assumed to
be related to cropping practices and illustrates the
redistribution of P between residual and labile fractions.
Microbial biomass P decreased (37%) by a similar proportion
to the total P, suggesting that losses of labile P have an
effect on the amount of P held in the soil microbial
biomass.
Evidence for the role of the microbial biomass in soil
P dynamics has been presented by Condron and Goh (1990).5
These authors reported decreases in extractablePo with
concomitant increases in biomass P after liminga permanent
pasture.In a highly weathered ultisol, Lee et al.(1990)
showed that increases in microbial activity and biomassP
were correlated with a decrease in the amounts of sorbed Pi
and Po while pools of soluble and labile P remained
constant.
Hedley and Stewart (1982), in laboratory incubations
simulating fallow soil conditions, obtained evidencefor the
seasonal redistribution of soil Pamong chemical fractions.
The changes were attributed to microbial activity.Seasonal
fluxes of soil P have likewise been reported in field
studies.In a two year study of permanent pastures,Dormaar
(1972) found that the magnitude of the NaOH- solubleP
fraction increased by as muchas 32% between August to
October.In a survey of seven New Zealand soils Saunderset
al.(1971) noted seasonal variations in P distribution.They
hypothesized that winter buildup of labile P fractionscould
account for higher levels of available P in the spring when
plant demand is highest. Furthermore, theysuggested that
available P arose in the spring from net mineralizationof
microbial biomass P following net immobilizationof P by
microorganisms during the fall and winter when plantdemand
was low.6
The role of the microbial biomass in nutrient cycling.
The soil microbial biomass has long been known to be a
reservoir of mineral nutrients (Jenkinson and Ladd 1981).
Soil microorganisms have been shown to affect the supply of
nitrogen, sulfur, and phosphorus to plants through cycles of
mineralization and immobilization. Thus, the microbial
biomass can behave as a source or a sink in the supply of
mineral nutrients to plants.A number of mechanisms for the
transfer of mineral nutrients from the microbial biomass to
plants have been proposed.Seasonal variations in levels of
labile P have been noted by a number of authors.Some
researchers have suggested that, in some systems, net
immobilization occurs at times of low plant demand, followed
by net mineralization when plant growth is high (Dormaar
1972, Saunders et al. 1971).Protozoa and other microbial
predators have been implicated in the mineralization of
microbial biomass by their excretion of excess P and N
(Darbyshire 1975, Coleman et al. 1983).It has been
difficult to predict conditions under which the microbial
biomass might act as a net source or sink for mineral
nutrients, as the processes of mineralization and
immobilization can occur simultaneously.Nonetheless,
estimation of the size of the microbial biomass and the
amount of potential plant available nutrients held within it
remain important pursuits if the role of organically bound
nutrients in the mineral nutrition of plants is to be
understood.7
C in the microbial biomass.
Indirect methods for the determination of microbial
biomass C were first introduced by Jenkinson and Powlson
(1976), who showed that the amount of CO2 evolved froma
soil over a ten day period following fumigation with CHC13,
minus the amount of CO2 evolved from a concurrently
incubated unfumigated soil, was correlated with estimates of
the size of the microbial biomass obtained by direct
microscopic count.The principle of the chloroform
fumigation-incubation method (CFIM) is that the majority of
microbial cells are lysed upon fumigation. During the
subsequent incubation period there is flush of respiration
due to a recolonizing population mineralizinga fraction of
C associated with the killed biomass.The unfumigated
sample serves as a correction for any respiration occuring
independent of fumigation, i.e. CO2 derived from non-biomass
C.Soil microbial biomass values ranging from 330to 1060
mg biomass C/kg soil have been
reported in the literature (Jenkinson and Ladd 1981).
The relationship of the size of the microbial biomass C
pool to rates of organic matter cycling is poorly
understood.Anderson and Domsch (1989) reported that the
ratio of biomass C to soil organic C ranged from 0.62to
4.04% in 26 long term experimental plots representinga
number of temperate zone soil types.These data suggest
that soils may vary widely in terms of the amounts of C
available as a microbial substrate. Because the8
decomposition of organic matter can be accompanied by the
release of plant available N and P (Marumoto et al. 1982,
Brookes et al. 1984), a number of studies have been
undertaken to determine the amount of available C in soils
(Davidson et al. 1987, Sikora and McCoy 1990).Voroney et
al.(1981) proposed that soil organic matter is comprised of
three fractions varying in their rates of decomposition.
These are (a) a readily available fraction which
microorganisms decompose quickly,(b) a fraction which is
more slowly degradable due to substrate quality and (c) a
fraction which is highly resistant to degradation because of
structural complexity and other factors leading to
humification.
While the ability to assess the availability of mineral
nutrients by measuring the size of the microbial biomass
would be useful, available methods have not providedresults
accurate enough for this application.Inaccuracy in CFIM is
primarily a matter of choosing the correct control valueto
account for basal respiration of non-biomass C.Jenkinson
(1976) reported that basal respirationwas equal in both
fumigated and unfumigated soils, justifying the subtraction
of the CO2 respired in an unfumigated sample from that
respired concurrently in the fumigated soil.However, in
other cases, the kinetics of CO2 evolution from the
fumigated and unfumigated soils are sufficiently different
to suggest that the amount of basal respiration in fumigated
soils may not accurately estimate the respiration in9
unfumigated controls.Although a number of authors have
addressed this issue (Jenkinson and Powlson 1986, Chausodd
and Nicolardot 1982, Paul and Voroney 1980, Shen et al.
1987), there has been no concensus on suitable methodology
for all soils and in all situations.
P in the microbial biomass.
In further attempts to elucidate the role of the
microbial biomass in nutrient cycling, the CFIM has been
modified by replacing the incubation period witha direct
chemical extraction procedure to estimate the amount of
various mineral nutrients held in the microbial biomass.In
this manner, methods for the estimation of biomass sulfur
(Sagaar et al. 1981), nitrogen (Voroney and Paul 1984,
Brookes et al. 1985) and phosphorus (Hedley and Stewart
1982, Brookes et al. 1982) have been presented.
Although pathways of P transformation in soilsare
poorly understood, biomass P can represent a significant
portion of of the actively cycling P.Simulation studies by
Cole et al.(1977) predicted that microbial P uptakewas 3
to 5 times greater than plant uptake.Estimates by Hahm et
al.(1972) suggested that the microbial biomass of cool
native grasslands could contain more P than the plant
biomass.These findings suggest that, in addition to
representing a source of labile P, the microbial biomassmay
act as a competitive sink for P in soils of low P status.
Estimates reported by Brookes et al.(1984) for the10
size of the biomass P pool for a number of soils range from
5.3 to 106.0 mg P/kg soil, with a mean value of 40.7 mg P/kg
soil.Biomass P accounted for 3.3 to 21.9% of total soil P
with a mean of 19.2%, and P comprises between 1.4 and 4.7%
of the microbial biomass, with a mean of 3.3%.Hedley and
Stewart (1982), using biomass C values and microbial C:P
ratios reported by Anderson and Domsch (1980) and Chuahan et
al.(1981), calculated biomass P and reported that values
should be expected to range from 1.5 to 50 mg P/kg soil.
From work with a single soil receiving four organic
amendments, they reported a range of 9.7 to 27.8 mg biomass
P/kg soil (mean = 23.5), accounting for 3.3 to 4.0% (mean
3.6) of the total soil P.In a survey of six Indian
ultisols under different management regimes, Srivastava and
Singh (1990) reported biomass P ranging from 17 to 35mg
P/kg soil (mean = 23.7 mg P/kg soil) which comprised 9 to 19
% (mean = 12 %) of the total soil P.The concentration of P
in the microbial biomass varied from 2.1 to 5.5 % (mean
3.5 %).
Due to the variable reactivity of P in different soil
types, conclusions concerning the comparisions of biomass P
values across soils are difficult to make.The majority of
biomass P investigations, and most'notably those in which
the procedures were developed, were conducted with neutral
to slightly alkaline soils of low clay content (Cole et al.
1978, Hedley and Stewart 1982, Brookes et al. 1982), andmay
not give valid estimates with all soils.McLaughlin et al.11
(1986) have suggested the need to calibrate individual soils
for biomass P estimation.However the focus on the
standardization of methods has resulted in the sacrifice of
intensive work involving soils of different character.
Hedley and Stewart (1982) discussed the possibility
that in some soils, the methods to extract biomass P may
also measure some amount of native Po.They further
suggested that, in some cases, P released by CHC13
fumigation could be immobilized by microbial uptakeor by
sorption by soil surfaces, resulting in varying efficiency
in the recovery of extracted biomass P.The efficiency
factor (kp) is determined by measuring the recovery of known
amounts of P added to soil before fumigation and extraction,
and is used to correct for biomass P released by fumigation
but not recovered in the extraction procedure.
A value of kp = 0.40 (Brookes et al. 1982) has been
widely used by many authors in estimating biomass P values
(Srivastava and Singh 1990, Condron and Goh 1990).However
a kp value of 0.37 was reported by Hedley and Stewart (1982)
and McLaughlin and Alston (1986) reported kp values ranging
from 0.33 to 0.57 in three different soils.In studies
involving the response of microbial P to soil amendments,
uncorrected values were used to calculate biomass P values
(Sparling et al. 1985; and Lee et al. 1990).
Another issue in the methodolgy for determining biomass
P is that of measuring Pt versus Pi released by chloroform.
Brookes et al.(1982) found that Pi accounted for 90.2 %12
(65.5 to 129.0 %) of the P released by CHC13 fumigation in
the soils they tested.Consequently, they concluded that
biomass P could be reliably estimated by the flush of Pi
released by fumigation.This permits the omission of the
acid digestion step which converts Po to Pi.However,
Hedley and Stewart (1982) found no relationship between Pi
and Pt extracted by CHC13 fumigation and NaHCO3 extraction.
They stated that the rate of hydrolysis of Po to Pi changes
once the cell membrane is lysed by CHC13 and varies with
soil components, cell composition, and treatment.
Differences in soil handling and treatmentmay also
contribute to problems in comparing biomass P valuesacross
soils.Experimental objectives may determine theway in
which soils are sampled and pretreated.Hedley and Stewart
(1982) developed their method using air-dried, sieved soil
that was rewet to 60% of field moisture capacity and
incubated for 21 days prior to biomass P determination.
This treatment was intended to provide steady state
conditions optimal for the establishment of the microbial
biomass.The air-drying treatment was objected to by
Brookes et al. (1982), who preincubated field moist soil for
ten days prior to use.No preincubation treatment was
employed by McLaughlin and Alston (1986), who proposed that
immediate biomass P determination following sampling
provided better information about the field status of the
microbial biomass.
Sparling et al.(1985) reported that air-drying soil13
could render significant amounts of microbial P extractable
in NaHCO3.By releasing P of microbial origin into the
unfumigated controls, this would contribute toan
underestimate of biomass P.West et al.(1986) concluded
that sampling date and preincubation treatment had
inconsistent effects on the size of the biomass P and that
these were unrelated to changes in biomass C and N.These
results illustrate the importance of determining kp values
and the proportion of microbial P releasedas Pi and Po from
soils under different conditions.Estimation of biomass P
therefore must include assessments of the effects of soil
type and preconditioning treatment in order to both
standardize and calibrate methods to individual soils and
experimental conditions.
Relationship between microbial biomass P and plant
available P.
The capacity of a soil to supply plant available P has
been assessed by a number of methods developed to estimate
the size of a labile P pool.Olsen et al.(1954) introduced
the use of sodium bicarbonate extracts to estimate levels of
plant available P, suggesting that Pi extracted by 0.5M
NaHCO3 represented a labile pool which is inequilibrium
with soil solution P.The Olsen P test has been positively
correlated with plant response to P fertilization and is
widely used in soil testing laboratories (Olsen and Sommers
1982).Extraction with 0.5M NaHCO3 was originally thought14
to solubilize calcium phosphates by precipitating CaCO3 in
calcareous soils Olsen et al. 1954), and to increase the
solubility of iron and aluminum phosphates in acid soils by
raising the pH optimum for P solubility (Lindsay and Moreno
1960).However, acid digestion of NaHCO3 extracts has shown
that the procedure also extracts some Po, and it has been
suggested that a portion of the Pi measured in the Olsen
test arises from hydrolysis of Po during the test procedure
(Bowman and Cole 1978, Sparling et al. 1985).
Soil is typically air-dried and sieved in preparation
for soil testing procedures.Sparling et al.(1985) found
that increases in Olsen P upon air-drying 15 soilswas
related to biomass P levels estimated by CHC13 fumigation of
moist soils. The microbial contribution to the 0.5MNaHCO3
extractable Pi ranged from 4 to 76%. Air-drying of soils
decreases levels of biomass C (Powlson and Jenkinson 1976)
and biomass P (Brookes at al. 1982, Hedley and Stewart
1982), further suggesting that some of the OlsenP may be
derived from microbial cells killed by air-drying (Bowman
and Cole 1978).For soils of xeric moisture regimes with
distinct wetting and drying periods, these observationsmay
suggest mechanisms for the turnover of P through the
microbial biomass on a seasonal basis.15
OBJECTIVES
A study was conducted to characterize the phosphorus
status of five western Oregon soils, and to assess the
distribution and magnitude of various chemical fractionsof
soil P.
Objective 1: To determine the magnitudes of various chemical
fractions of soil P in five western Oregon soils.
Objective 2: To estimate the amount of P held in the
microbial biomass in these soils.
Objective 3: To determine the magnitude of the microbial
biomass in these soils and a aconsequence to estimate the
concentration of P in the microbial biomass.16
MATERIALS AND METHODS
Site descriptions.
The study site is located on the Oregon State
University Cattle Research Facility and in PaulDunn State
Forest in northeast Benton County near Corvallis, Oregon,
SE1/4 sec 23.and SW1/4 sec.24, T. 10 S, R. 5 W (Soil
Survey of Benton County Area, USDA, SCS, 1975).A transect
of Soap Creek Valley was drawn with the easternmostend
located on Soap Creek Road approximatelyone half mile from
the junction of Soap Creek Road and Tampico Road.The
transect runs perpendicular to Soap Creek and is 3/4 miles
long, and crosses the Luckimute, Dolph and Looney geomorphic
surfaces (Balster and Parsons 1968).
Site descriptions for soils A through Eare presented
in Table 1.The soils are derived from alluvium and
colluvium weathered from basic igneous rock.Sites were
chosen to represent the transition from valley bottomto
steep upland, and the transition from permanent pasture to
mature forest.Sites A through D were located along the
main transect.Because a mature forest site could not be
located along the main transect, site Ewas located
approximately 0.5 miles south of site D.
Sampling Methods.
Within each site, two sampling transects (100 m)were
situated perpendicular to the main transect.Soil samples17
were taken at 1 meter intervals with an Oakfield soil corer
(diameter 1.5 cm) to a depth of ten centimeters from the
soil surface.Samples were composited within each site in
the field and transported to the laboratory, where theywere
stored at 4°C until used (less than seven days).All soils
were sieved through a number ten sieve (2.00 mm mesh size),
and all visible plant material was removed prior to
analyses.
Soils were analyzed for pH, total organic C, total N,
and extractable P by the Olsen and Bray methods, following
the procedures of the Soil Testing Laboratory at Oregon
State University (Horneck et al. 1989).Sub-samples of soil
were used for the fractionation of soil P and for the
determination of microbial C and P.
Pre-equilibration of soil for microbial biomass
determinations and chemical P fractionation.
Air-dried composite samples from each site were sub-
sampled (3 replicates) after sieving, adjusted to 75%
(wt/wt) water holding capacity and incubated for 21 days in
large test tubes (3x25 cm) suspended in a thermostatted
water bath at 15°C. This treatment has been recommended
(Brookes et al. 1982, Hedley and Stewart 1982) to re-
establish equilibrium conditions after soil sampling, drying
and rewetting.18
Chemical fractionation of soil P.
Soil P was chemically fractionated followinga
modification of the method of Hedley and Stewart (1982).
Two steps were omitted from the original fractionation
scheme.Resin extractable P was not included because
preliminary work showed this quantity to bevery small and
the efficiency of extraction was low (data not shown).The
sonication treatment followed by extraction with 0.1 M NaOH
was also omitted because earlier studies by Leung and
Bottomley (1987) showed the magnitude of this fraction for
these soils to be very small.
After the incubation period, triplicate subsampleswere
removed from each replicate (equivalent of 1.0gram oven dry
weight) and subjected to the P fractionation scheme.Soil
samples were placed in50-ml polyallomer centrifuge tubes
in a desiccator lined with damp filterpaper.A beaker
containing 50 ml of chloroform (CHC13)was placed in the
desiccator and soils were fumigated as follows.The CHC13
was instigated to boil by evacuating the desiccator with a
vacuum pump for five minutes.The soils were fumigated for
24 hours, after which the desiccatorwas repeatedly
evacuated and purged with air until all traces of CHC13were
removed.
Twenty-five ml of 0.5M NaHCO3 were added to each of the
centrifuge tubes which were shaken ona reciprocal shaker
for 16 hours at 24°C.The extracts were centrifuged (10
minutes, 10,000 rpm, 4°C).Supernatants were filtered19
through 25 mm, 0.45 p.m pore size filters, and analyzed for
Pi by the molybdate-blue method (Murphy and Riley 1962) as
follows:A 2.5 ml aliquot of the extract was mixed with 2.0
ml of deionized water and 1.5 ml of combined reagents
prepared by mixing 25 ml 2.5M H2SO4, 2.5 ml of anantimony
potassium tartrate stock solution (2.743 g K(SbO)C4H406.1/2
H20/liter), 7.5 ml ammonium molybdate stock solution (40g
(NH4)6M07024.4H20/ liter) and 15.0 ml of freshly made 0.1M
ascorbic acid solution.Samples were mixed with a vortex
stirrer and incubated at room temperature for 30 minutes
while color developed.
A second aliquot of the original supernatant was
subjected to a sulfuric acid-ammonium persulfate digestas
follows.2.5 ml of the extract were placed in a 50 ml
conical flask.1.0 ml 5.5M H2SO4 was added, followed by 0.4
g ammonium persulfate.Approximately 25 ml deionized H2O
was added, and the samples were autoclaved for 1 hour at
121°C, 20 psi.After autoclaving, the samples were
neutralized with 5M NaOH and brought to a volume of 100 ml
with deionized water.The digested samples were then
analyzed for phosphate as described above to give the total
(inorganic plus organic) P in the extract.Microbial P was
estimated from the difference between the total P
extractable in 0.5 M NaHCO3 after CHC13 fumigation, minus
the NaHCO3 extractable P in an unfumigated sample (Brookes
et al. 1982, Hedley and Stewart 1982).The fumigation and
extraction procedures are outlined in the description of the20
fractionation scheme above.The soil residue remaining in
the centrifuge tube was subsequently extracted with 25.0 ml
of 0.1 M NaOH, followed by 25.0 ml of 1.0 M HC1.Total P
and Pi presented above were determined on each subsequent
extract as described above, with the exception that the 1.0
M HC1 extract was not digested for determination of total P.
Finally, the soil residue was transfered toa 75 ml Kjeldahl
tube and heated to 350°C for a total of five hours
(including one hour after digest cleared) in 5 ml
concentrated H2SO4, Three ml of 35% H202 were added after the
digests began to boil.
Estimating the efficiency of recovering P from the
microbial biomass (]c).
The efficiency of extracting P with 0.5 M NaHCO3was
determined for each soil.Phosphorus (25 gg P/gram soil)
was added to soil prior to fumigation either as Pi(KH2PO4)
or as lyophilized bacterial cells of known P content
(1.0±0.05%, determined by sulfuric acid-persulfate
digestion).A duplicate sample of soil was fumigated and
extracted with 25.0 ml of 0.5M NaHCO3 concomitant with the P
spiked sample.The proportion of P recovered from the spike
was calculated as follows:
Kp =(Ps Pc) /Ps
where Kp = the proportion of added P recovered, Ps= the
amount of P measured in the spiked sample, Pc= the amount
of P measured in the unspiked control and Pa= the amount of21
P added to the spiked sample.In all subsequent samples,
microbial biomass P was calculated with the formula
Pb =Pf Pu
where Pb = the amount of P held in the microbial biomass (mg
P/kg oven dry soil), Pf = the total P extracted by 0.5 M
NaHCO3 after CHC13 fumigation,Pu= the total P extracted by
0.5 M NaHCO3 in an unfumigated control soil and Kp is
defined as above.
Determination of microbial C.
Microbial biomass C was determined by the chloroform
fumigation-incubation technique (Jenkinson and Powlson
1976), using soil sampled and pre-incubated in thesame
manner as described for the P fractionation scheme.After
the pre-equilibration, six replicate ten gram samples of
each soil (oven dry weight) were placed in150 ml glass
serum bottles.Three replicates of each soil were fumigated
as described above, and the remaining three were placed in
desiccators without CHC13 to serve as controls.After the
24 hour fumigation period, the bottles were flushed with
air, fitted with rubber septa, and incubated in the dark at
24°C for 20 days.CO2 was measured in portions (0.5 ml) of
the headspace of the bottles sampled after 7,10 and 20 days
of incubation. CO2 was analyzed by gas chromatography using
a Carle Series 100 gas chromatograph equipped with a thermal
conductivity detector.
Biomass C was calculated using the following equation:22
Cb =(Cf Cu) /Kc
where Cb = biomass C, Cf = the cumulative amount of carbon
respired as CO2 in the fumigated soil over a ten day period,
Cu = the amount of carbon respired during a specific time
interval in the unfumigated soil.Four values of biomass C
were calculated using four different values of Cu. The
latter represented cumulative CO2 respired during different
time intervals in the unfumigated control (see table 5).Kc
= 0.45, and represents the proportion of biomass killed by
fumigation that is mineralized during the incubation period
(Jenkinson and Powlson 1976).23
RESULTS
Soil test data for the five soils (all silty clay
loams) are presented in Table 2.The soils showed little
variation in the range of pH,(5.8-6.3), organic matter
(5.4%-6.4%) or total N (0.19%-0.29%).Both Olsen and Bray
extractable levels of Pi were very low, giving values which
placed all soils in the category of the highest recommended
rates of P fertilization (Fertilizer Guide 4, Oregon State
University Cooperative Extension Service, 1983).
Fractionation of soil P.
The results of the P fractionation scheme are shown in
Table 3.Total P varied among soils, ranging from 628-1444
mg P/kg soil.Soils C and D showed substantially lower
values than soils A, B and E, making possible the comparison
of groups of soils of high and low total P status.
Residual P ranged from 176-669 mg P/kg soil, and comprised
between 16.4-49.5% of the total P.In the case of soils A,
B, C, and D, the percentages of P in different fractions
were not distributed differently despite the differences in
the total amounts in each fraction.For example, although
the quantities of P extractable in 1.0 M HC1 varied between
81 and 266 mg P/g soil, they represented a similar
percentages of the total P (6.9-19.7%) in each soil.In
contrast, the P extractable in 0.1 M NaOH24
ranged from 37.3-49.9%, with soil E having a high value of
70%.
Determination of microbial biomass P.
Values for the percent recovery of P (Kr) added to
soils before the fumigation and extraction of biomass Pare
presented in Table 4.The recovery of P added as bacterial
cells(Pm) ranged from 23.0 to 32.0%.In a separate
experiment, Pi was added at the same rateas Pm before the
fumigation and extraction procedure.The recoveries of
added Pi ranged from 11.0 to 33.0% and ,with the exception
of soil E (11%), are similar in magnitude to the
efficiencies for recovery of added Pm.Considering the
relatively high P adsorbing capacities of the soils in the
present study, and the similarity of recoveries of Pm and
Pi,it can be concluded that the efficiency of recovering
biomass P in these soils is influenced primarily by their
strong P sorption characteristics.
Bicarbonate extractable P increased after CHC13
fumigation in all of the soils tested (Figure 2a-c).The
increases in NaHCO3 extractable P after fumigationwere
relatively small (Figure la), ranging from 15.5-25.0percent
of the NaHCO3 pool, indicating that the soils containeda
large amount of background P upon which microbial Pwas
determined.The level of NaHCO3 extractable Pi (Figure 2b)
after CHC13 fumigation showed a slightly broaderrange, with
increases ranging from 15.5-38.8 percent of the NaHCO325
extractable Pi pool.Soils C and D showed the largest
relative increases in Pi released by fumigation.
Figure 1c shows a comparison of NaHCO3 extractable P,
and Pi caused by the fumigation treatment.While the
changes in Pt and Pi were almost equivalent in soils C and
D, the proportion of Pt released as Pi ranged between 24.4
and 65.0%. The variable proportion that Pi contributes to
the total P released by fumigation indicates that biomass P
values should be calculated from Pt released by CHC13
fumigation.
The results of the biomass P method applied to samples
of soils immediately after recovery from the fieldare
presented in Figure 2a-e.Soils at each site were sampled
four times during the summer and fall of 1989.The sampling
scheme consisted of a midsummer date (July 24) in which
microbial activity, measured as respiration,was zero (data
not shown) followed by three weekly sampling dates (Sept.
20-Oct.9) during the onset of fall rain.The study sites
received 1.3 cm rain on September 23.Changes in
gravimetric water content during the sampling periodare
shown in figure 3.
In soils A through D,12 of 16 values of Pt released
after CHC13 fumigation were greater than values of Pt from
the unfumigated soils.However, on some sampling dates the
NaHCO3 extractable values also increased so that in four
cases fumigated values were less than, or not substantially
different from the unfumigated values.This situation was26
especially prevalent in soil E, but was also observed in
soils A and B.In the cases of soils A-and B, the values of
NaHCO3- extractablePt, recovered from unfumigated soils in
July and September were as high as values obtained in
preequilibrated fumigated samples of the same soils (see
Fig. la).
Three of the five soils (A,C and D) showed a pattern of
slightly decreasing values of CHC13 /NaHCO3 -Pt and NaHCO3 -Pt
between July and September.This was followed in all three
cases by large increases in CHC13-P measured on October 2,
eight days after the rain event, with both fractions
returning to pre-rain levels by the October 9 sampling date.
None of the CHC13 induced increases in NaHCO3 -Pt observed in
soils A,C and D were accompanied by concomitant decreases in
the NaHCO3- extractable P, fractions, suggesting that the
source of the P was some other fraction.Neither soil B nor
soil E followed this pattern.Soil B showed a decrease in
NaHCO3 P following the rain event, but no other trend was
evident.Soil E showed a trend of increasing CHC13 /NaHCO3 -Pt
and NaHCO3 -Pt during the period following the rain, but
likewise did not show the marked increases seen in soils A,
C, and D.
The magnitudes of the CHC13 induced increases that
occured in soils A, C, and D between September 20 and
October 2 cannot be solely attributable to increases in the
size of the microbial biomass.Using the results of the
October 2 sampling and the Kp values established for each27
soil (Table 4), biomass values of 146.9, 172.4, and 221.7 mg
P/kg soil are obtained for soils A,C and D respectively.
These numbers greatly exceed those reported in the
literature (23.7-39.4 mg P/kg soil, see Table 7). It is
likely that the CHC13 induced increases in NaHCO3-
extractable Pt included non-microbially derived P.
Determination of microbial biomass C.
The characteristics of CO2 evolution from fumigated and
unfumigated samples of the five soils over a twenty day
period are presented in Figure 4a-e.In all cases, the
fumigated soils rapidly producedCO2 with 90 to 100% of the
twenty day total being produced by the seventh day of the
incubation.
Although all five soils showed similar kinetics of CO2
evolution during the first ten days of incubation, their
behavior beyond ten days followed two different trends.
Over the ten to twenty day period, fumigated samples of
soils B and C produced CO2 at rates comparable with those
measured in theunfumigated samples.In contrast, CO2
production had ceased after ten days in fumigated samples of
soils A,D and E, but not in their unfumigated counterparts.
There has been a longstanding controversy over the
proper use of respiratory controls for the estimation of
biomass carbon.The selection of a proper control should be
related to the kinetics of CO2 evolution that are observed
in the fumigated sample.The unfumigated sample is intended28
to provide an estimate of the basal respiration occuring
independent of fumigation.If CO2 is not produced in the
fumigated sample following the flush, as in the case of
soils A, D, and E, then it follows that all CO2 evolved is
the product of CHC13-killed biomass and an unfumigated
control should not be subtracted. If, on the other hand,
CO2 production continues in the fumigated sample at rates
comparable to those in the unfumigated sample, then it could
be argued that some amount of non-biomass organic carbon
contributes to the CO2 observed during the flush.This
would justify the use of an unfumigated control.While
these examples represent the extremes of the responses to
CHC13 fumigation, the true ability of the recolonizing
microbial populations to degrade non-biomass organic carbon
is unknown, resulting in the proposal of a number of
different control values to be used in the estimation of
biomass carbon (Shen et al. 1987).
Because the response of the soils used in this study
fit both of the above cases, biomass carbon was calculated
by four different methods (Table 5).If no control value is
subtracted (method 1, Voroney and Paul 1984), the estimates
for each soil are similar (961.3-1102.4 mg C/kg soil) since
the amounts of CO2 released from the fumigated soils were
almost equivalent.This method may be the most appropriate
for soils A,D and E in which CO2 evolution in the fumigated
samples had ceased by day ten.Method 2, originally
proposed by Jenkinson and Powlson (1976), gave the lowest29
estimates of biomass C (432.8-733.9 mg C/kg soil).The
limitation of method 2 stems from the concern that the CO2
accumulated in the control sample between zero and ten days
might be artificially high due to the mineralization of
biomass killed during the processing of samples.However,
the preincubation step should reduce this problem.
Nonetheless, this issue is addressed by method 3 (Jenkinson
and Powlson 1976), on the assumption that the artifacts
introduced by sampling and handling are complete at ten
days.
Chaussod and Nicolardot (1982) proposed that the CO2
released from the fumigated sample during the post-flush
(10-20 day) period represents the true rate at which the
recolonizing population can degrade non-biomass carbon.
Biomass carbon values for soils A,D and E calculated by
method 4 (1020.1-1045.6 mg C/kg soil) were similar to those
of method 1, since theamounts of CO2 evolved after ten
days were virtually zero.Values for soils B and C were
similar for methods 3 and 4 since the quantities of CO2
accumulated in the ten to twenty day period were similar in
fumigated and unfumigated soils. The values obtained for
soils A, D, and E by method 4 were substantially higher than
those for soils B and C (720.7-776.6 mg C/kg soil) because
measurable CO2 accumulated in the fumigated samples of the
latter after ten days.30
Comparison of microbial biomass C and P estimates.
Values of biomass C and P in preincubated soilsare
presented in Table 6.Biomass P values ranged from 19.1-
36.7 mg P/kg soil, with soil C having the lowest value.
Microbial biomass C values were determined by methods 1 and
2, since they provide both the upper and lower limits of the
range.
As a consequence, the percentage of P in the microbial
biomass is presented as two ranges of values. Soil Cgave
both the highest and the lowest values: 3.7% and 0.9% for
methods 1 and 2, respectively.The mean of the percentage P
in the microbial biomass for all soilswas 2.8% for method
1, and 1.5% for method 2, with the mean for all soils and
both methods at 2.2%.31
DISCUSSION
Attempts to measure microbial biomass P and C
illustrated a variety of problems, some of which have been
encountered by researchers for the past fifteenyears.For
example, the kp values determined for the soils used in this
study (kp = 0.22 to 0.32) were lower than other values
reported in the literature.This is not surprizing since
many of the upland pasture and forest soils of western
Oregon are high in organic matter and clay content and have
high P adsorbing capacities (Almendras and Bottomley 1987,
Gardener and Christensen 1991).Soils used in previously
reported studies varied significantly from those in the
present study in terms of pH, texture and organic matter
content (Hedley and Stewart 1982, Brookes et al. 1982,
Mclaughlin and Alston 1986, Srivastava and Singh 1989).In
addition, soil P was distributed quite differentlyamong
chemical fractions (Hedley and Stewart 1982, O'Halloranet
al. 1987, Lee et al. 1990).Therefore, it is somewhat
unfortunate that several researchers who have reported
estimates of biomass P in microbial biomass havenot
determined a kp value for their own soils and have used the
estimates of others (Sparling et al.1985, Srivastava and
Singh 1990).
Another issue of methodolgy relates to the variable
contribution of Pi to the total P released by fumigation in
the soils used in the present study.Although the reason32
for the variability in the proportion of Pi is unclear, it
would be inappropriate to assume that biomass P could be
estimated by the Pi released by fumigation. It would be
necessary to first establish for a particular soil what
proportion of the total P released was composed of Pi, and
whether or not that proportion was consistentover time and
treatment.
Despite the low kp values, it was concluded that
biomass P was successfully measured in soils equilibrated
under constant environmental conditions.The ranges of
values reported here are well within the range reported by
others (Brookes and Powlson 1982, Hedley and Stewart 1982).
It should be pointed out, however, that values for biomass P
for soils similar to those of the present studyare scarce.
Srivastava and Singh (1988) reported a mean of 23.6mg
biomass P/kg soil for six ultisols in India.While this is
slightly lower than the mean of biomass P reported here
(31.5 mg P/kg soil), and those reported by Hedley and
Stewart (1982) or Brookes and Powlson (1982)(29.2 and39.4
mg P/kg soil respectively), the values of Srivastava and
Singh (1988) were calculated assuming a Kp= 0.40 (Brookes
and Powlson 1982).Because differences in texture and pH of
these soils could be expected to result in a relatively high
P-fixing capacity, a kp value of 0.40may result in an
underestimate of biomass P.Recalculating the value
reported by Srivastava and Singh (1988) usinga Kp value of
0.27 (i.e.the mean value of Kp determined for soils A-E)33
gives a value of 35.1 mg biomass P/kg soil, which bringsit
into the range of values reported by others.
Attempts to validate the biomass P method on samples
recovered directly from the fieldwere disappointing.Two
problems were recurrent.First, the values of the NaHCO3-
extractable P recovered from unfumigated soils changed
substantially with sampling date, and oftenwere not
significantly less than the values obtained from fumigated
soils.The small differences at the July and September
dates may reflect a reduction in the size of the microbial
biomass brought on by continuedsummer drought.Sparling et
al.(1985, 1986) have shown that air-drying of soilscan
decrease the size of the microbial biomass while increasing
levels of NaHCO3- extractable P.It is therefore conceivable
that NaHCO3- extractable P increasedas a result of the
mineralization of biomass P.However, calculation of
biomass values using these small differences shouldbe
interpreted cautiously.The field trials of the biomass P
method were conducted on single samples compositedby site
and were not replicated.However, based on the results of
the biomass P determination on equilibrated soils(standard
error of the mean of the differences ranged from 4.5 to
5.0), calculation of biomass P values from the majorityof
the July and September samples would give unreliable
estimates, as six of the ten show differences of lessthan
5.0 mg P/kg soil. As a result of this imprecision,
conjecture concerning the dynamics of the microbial biomass34
based on microbial P values in thisrange would seem
imprudent.
Secondly, on the sampling date after the soilswere
rewet by the rainfall event, the increases in NaHCO3-
extractable P caused by fumigationwere so large as to
exceed realistic estimates of biomass P.An explanation for
the large increases may be that the physical-chemical
changes that accompany the wetting of soils madesome P
fraction extractable with chloroform.An alternate
explanation is that the efficiency ofrecovery of extracted
P (Kp) may be higher in rewetted soils.It has been
demonstrated that the P adsorption capacity ofa soil
increases as the soil dries (Haynes and Swift1985), and
this could result in variation in Kp values.However, this
seems an unlikely explanation because although the
uncorrected biomass P values returned to pre-rainlevels one
week after the rain, soil water content remainedrelatively
high.Although its nature is unknown, the rapid increases
and decreases in CHC13/NaHCO3 P suggest itto be a potential
source or sink in terms of P availability.
Measurements of microbial biomass carbonwere made so
that the quantity of microbial P could be comparedas a
percentage of the microbial biomass.However, uncertainties
were placed on the biomass C values due to the problem of
deciding on an appropriate value for theamount of CO2
respired from nonbiomass carbon.As pointed out in the
results section, the five soils used in this studygave a35
cross-spectrum of the kinds of responses that other workers
have used to justify different kinds of controlvalues (Shen
et al. 1989).Nonetheless, while the magnitudes of biomass
P (mean = 31.5 mg P/kg soil) were similar tovalues reported
in the literature, the mean values of microbialP as a
percentage of the microbial biomass varied from 1.5to 2.8%.
These values depend on whether biomass Cwas calculated by
method 1 or method 2, respectively.The concentration of P
in microorganisms grown under laboratoryconditions with
nonlimiting quantities of P ranges from about1 to 3%
(Hedley and Stewart 1982, Brookes et al. 1982).P
concentrations of soil grown organisms rangingfrom 1.4 to
4.7% have been reported by Brookeset al. (1982).Given the
wide range in possible P content of microorganisms,it is
quite possible that microbial biomass witha low P content
can be an effective sink for labile P, and that
microorganisms of high P content could bea potential
mineralizable source of P. Indeed, Mclaughlinet al.(1987)
have shown that rhizosphere and microorganismscan
immobilize a large portion of Pi addedto soil.
Linear regression analyses of biomassP on various
other P fractions are presented in Table 8.The only
significant correlation observedwas between biomass P and
Olsen P (r2= 0.78).This is interesting, in that it suggests
a
relationship between biomass P andan index of plant-
available P.Air-drying of soils has been shownto decrease36
levels of biomass P (Brookes et al. 1982).Sparling et al.
(1985, 1987) reported that 4-76 percent of the P in 0.5M
NaHCO3 extracts of dried soils was due to the release ofP
from soil microbes killed by desiccation, andthat soils
high in organic matter and low in Olsen Pwere most likely
to show the effects of microbial contributionto available
P.These observations may providean explanation for the
correlation between biomass P and Olsen P inthe present
study, suggesting that biomass P is related to theplant-
available P pool.
A non-significant correlation (r2=0.72) betweenbiomass
P and total P was found, supporting the earlier suggestion
that the size of the microbial biomass isrelated to the
amount of total P in the soil.37


























Abiqua silty clay loam.
Fine, mixed, mesic, Cumulic Ultic
Haploxeroll.
Alluvial fan, east side of valley.
Permanent pasture dominated by
Trifolium subterraneum
and annual and perennialgrasses.
Bashaw clay.
Very fine, montmorillonitic, mesic,
Typic Pelloxerert.
Alluvial bottomland.
Permanent pasture dominated by Vicia
sp., T. subterraneum and annual and
perennial grasses.
Dixonville silty clay loam (3 to 12
percent slopes).
Fine, mixed, mesic, Pachic Ultic
Haploxeroll.
Toeslope, west side of valley.
Unimproved pasture, annual and
perennial grasses, Rhus diveraloba,
occasional Quercus garriana,
Pseudotsuga menzesii, and Prunussp.
Dixonville silty clay loam (12 to 20
percent slope).
Fine, mixed, mesic, Pachic Ultic
Haploxeroll.
Midslope, west side of valley.
Young forest, Pseudotsuga menzesii,
Quercus garriana, and Acer
macrofolium.
Price silty clay loam
Fine, mixed, mesic, Dystric
Xerocrept.
Hillside, approximately two miles west
of transect, aspect northeast
Mature forest, Pseudotsuga menzesii,
Abies grandis and Acer macrofolium.Table 2.Some chemical characteristics of the soils.
Soil pfil 0.M.2 Total N3 Olsen-P4 Bray P5
(g/kg) (g/kg) (mg/kg) (mg/kg)
A 5.8 64 2.3 9.0 2.5
B 5.8 66 2.9 7.0 <0.1
C 6.3 60 2.2 3.0 <0.1
D 6.3 62 2.1 5.0 <0.1
E 6.2 54 1.9 6.0 4.0
1. pH measured in 1:2 soil/water suspensions.
2. Determined by the Walkley-Black digestion and titration method.
3. Determined by Kjeldahl digestion followed by ammonium analysis.
4. Determined by extraction of soil with 0.5M NaHCO3.





A 14442 669(46.3)3 100( 6.9) 635(44.0) 40.2(2.8)
B 1352 369(27.4) 266(19.7) 674(49.9) 43.0(3.0)
C 623 240(38.5) 81(13.1) 277(44.4) 24.9(4.0)
D 787 390(49.5) 85(10.8) 294(37.3) 18.1(2.3)
E 1073 176(16.4) 87( 8.1) 751(70.0) 58.9(5.5)
'See materials and methods for working definitions of eachfraction.
2 Total P equals thesum of all fractions.
3 Numbers in parenthesesexpress the quantity of P in each fraction as a









a Added to soil prior to fumigation.
b 25 gg P/g soil addedas lyophylized bacterial cells.
25 gg P/g soil added as K2HPO4.
d Numbers in parenthesesare standard errors.41
Table 5. Determination of soil microbial biomass
C concentrations using different control values.
Calculation Method2
Soil II III IV
mg C/kg Soil
A 1102.4 733..9 938.2 1045.6
B 961.3 606.9 787.3 776.6
C 1098.5 432.8 690.9 720.7
D 1092.3 653.9 629.6 1023.9
E 1044.4 670.4 973.5 1020.1
1 Calculated as described in materials and
methods using ak, = 0.45.
2 INo control subtracted.
IISubtract the CO2 evolved from the
unfumigated soil during the 0-10 day
incubation period.
III Subtract the CO2 evolved from the unfum-
gated soil during the 10-20 day incubation
period.
IVSubtract the CO2 evolved from the fumiated
soil during the 10-20 day incubation
period.Table 6.Comparison of P and C in the












A 36.7(14)6 731.9(31) 1102.4(29) 25 17
B 35.9(18) 606.9(31) 961.3 (34) 30 19
C 19.1(17) 432.8(53) 1098.5(46) 37 9
D 31.7(10) 653.9(18) 1092.3(23) 24 15
E 34.3(20) 670.4(41) 1044.4(40) 26 16
1 Soil pre-incubated for 21 days at 75% WHC, 15°C.
2 Calculated with kp determined for individual soils
Table 3).
3 Determined by CFIM, ke= 0.45.
4 Assume microbial biomass is 50% C, drywt.
5 Control = CO2 respired from 0-10 days, unfumigated
6 Numbers in parentheses are standarderrors.
(see
soil.Table 7.Interstudy comparisons of soil microbial biomass P valuesl.









This Work 619.5 31.5 25 28 0.27
1 594.5 39.4 33 40 0.40
2 ND3 29.2 ND ND 0.37
3 385.5 23.7 31 71 0.40
1 Mean values of all soils tested.
21.Brookes et.al, 1984.n= 5.
2.Hedley and Stewart, 1982.n =1.
3.Srivstava and Singh, 1988.n =6.
3Not determined.44
Table 8. Simple linear regression of biomassP on
various soil P chemical fractionsl.
P Fraction Intercept Slope R2
Olsen2 14.41 2.85 0.78*
Total 13.02 0.018 0.72
NaOH 18.65 0.025 0.32
NaHCO3 22.77 0.24 0.28
1 Soils A through E, n= 5.
2 See materials and methods for descriptionsof the chemical
analyses.
* significant at p= 0.05.45
Figure la. The influence of chloroformfumigation upon the
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Figure lb. The influence of chloroform fumigationupon the
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Figure lc. A comparison of the differences between the
concentration of NaHCO3 extractable Pt and Pi recovered from
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Figure 2a. Concentration of NaHCO3- extractablePt in














Figure 2b. Concentration of NaHCO3-extractable Pt in














Figure 2c. Concentration of NaHCO3- extractableP, in














Figure 2d. Concentrations of NaHCO3- extractable Pt in
















Figure 2e. Concentrations of NaHCO3- extractablePt in














Figure 3. Changes in gravimetric water content of field
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Figure 4a. Cumulative CO2 evolution from equilibrated
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Figure 4b. Cumulative CO2 evolution from equilibrated
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Figure 4c. Cumulative CO2 evolution from equilibrated
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Figure 4d. Cumulative CO2 evolution from equilibrated
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Figure 4e. Cumulative CO2 evolution from equilibrated
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